The contemporary capacity of genome sequence analysis significantly lags behind the rapidly evolving sequencing technologies. Retrieving biological meaningful information from an everincreasing amount of genome data would be significantly beneficial for functional genomic studies. For example, the duplication, organization, evolution, and function of superfamily genes are arguably important in many aspects of life. However, the incompleteness of proteasome system-mediated regulatory pathways in eukaryotic organisms. With a detailed compiling instruction and a simple running operation, we expect that this software will assist many biological scientists with little programming experience to smoothly obtain a comprehensive dataset of a gene superfamily in any sequenced eukaryotic genomes.
annotations from 18 sequenced plant genomes, including both seedless and seed plants, we noticed that there were many novel F-box putative loci left unannotated in genomes. Those loci are either lacking clear gene signals that allow them to be discovered ab initio or too close with one another to be uncovered by GeneWise annotation, since the latter only finds the best homologue of a known query protein sequence [5, 24] . Recently, we have also employed this algorithm to study the duplication mechanism of ubiquitin and ubiquitin-like protein (in whole called ubiquiton) family in 50 sequenced plant genomes [6] . CTT has been demonstrated as an effective tool to retrieve most, if not all, members of a gene superfamily in genomes we have analyzed. To make this program readily available for the biological science community, we organized and improved the scripts used in the previous two studies and compiled it into one integrated package that allows researchers with little programming experience to use.
Materials and Methods

Package development
The package is written in Perl (Version 5) and has been tested on CentOS 7 Linux operating system.
Similarity-Based Gene Annotation
Based on our previous studies on CTT-based re-annotation of F-box and ubiquiton genes in plant genomes [5, 6] , we designed to retrieve a 10,000 nucleotide (nt) genomic sequence sandwiching the start coordinate of a target domain for identifying a novel family locus. Since a non-plant gene may be longer than a plant gene on size, we also examined the effectiveness of CTT prediction by expanding the size of a putative locus to 100,000 nts. A putative novel locus is positioned by tBLANTn search [25] using the query of a collection of seed sequences, which represent the domain signature of a target family, against the genome sequence. Only if a new locus identified by CTT iteration search (see algorithm below) encompasses the tBLASTn-defined locus would the genomic sequence be further analyzed. To eliminate a potential false prediction due to the inaccuracy of one reference protein sequence, we applied at least the top two best homologous protein sequences (based on bit scores of BLASTx search [25] ) to back search the genomic DNA sequence for predicting the transcript model of a putative novel locus using GeneWise [24] . If the locus is consistently predicted as a protein-coding gene by at least two reference sequences, the coding sequence identified with the highest GeneWise score was taken as the best prediction of this putative new locus. The resulting peptide sequence is further examined for the presence of a target family domain using HMMER search 
CTT Iteration Search Algorithm
The genomic DNA sequence with 10,000 nts is likely to contain more than one locus. This is particularly common in many superfamily genes that were tandemly duplicated. This prevents the identification of a putative new locus by GeneWise because GeneWise only aligns a reference protein sequence to the best homologous region [24] . To expose this putative new locus defined by tBLASTn search, unrelated adjacent DNA sequence is iteratively trimmed and removed by CTT. First, the 10,000 nt genomic DNA sequence is used to identify a locus that best matches to a homologous protein sequence by GeneWise (GeneWise score ≥ 50). The DNA sequence of a predicted locus is trimmed and removed if it does not encompass the tBLASTn-defined region. The remaining DNA sequence is then iterated for a sequential BLASTx-GeneWise-trimming search until the tBLASTn-defined region is identified to be within the GeneWise predicted locus. Otherwise, the tBLASTn-defined region is not considered to be a new family locus. 8 family, a genome sequence file, a generic feature format 3 (GFF3) file, and a protein sequence file from a previous genome annotation are required to be deposited in the directory of /ctt/species_databases. The family members from prior annotations are used as reference peptide (Ref_Pep) sequences to predict the gene structure of an unknown locus using GeneWise. Therefore, we recommend adding the same set of three files from well-annotated genomes to increase the prediction accuracy. The package is capable of working on multiple genomes at one time. Once the number of genomes is decided and all the required information is collected, a tab file, named "organismal_genome_gff3_proteome_files.tab", needs to be prepared with each row containing the names of a genome sequence file, a GFF3 file, and a protein sequence file of one genome, each of which is separated with a tab space. The seed file of a family can be found and downloaded on Pfam (https://pfam.xfam.org) and should be placed in the directory /ctt/seeds. All the input sequence files are in a FASTA format, which allows a BioPerl module, Bio::DB::Fasta, to parse the sequences. These files should also be converted to BLASTable databases in the same directory using the makeblastdb function as instructed in the README.md file or as described in the manual of BLAST [25] . In the current version of CTT, we apply 1e-5 and 1 as an E-value cutoff for the BLASTp and HMMER searches, respectively. Both values are artificially determined based on our previous studies that may assist to include most known members in both the F-box and the ubiquiton
The module of Step 2, named reference_pep_best_dm_search.pm, is designed to organize the full-length protein sequences of family members predicted in Step 1 and retrieve the best family domain sequence in each protein sequence as a new seed sequence. Both the full-length sequences and the combined new and Pfam family seed sequences are subject to CD-HIT [26] to remove redundant ones. The retaining full-length and seed sequences are used as reference and seed sequences for later GeneWise annotation and tBLASTn search, respectively.
Step 3 applies the non-redundant seed sequences as queries to search a genome database using tBLASTn with an e-value cutoff  1e-5. Since the tBLASTn search generates a large number of hits, we considered two hits the same if the middle coordinate of one resides in the region of the other. In addition, we use AWK (comes with centOS) to compare the start and the end coordinates of one tBLASTn hit with those of the previously-annotated genes, whose information is retrieved from the GFF3 file. Since tBLASTn finds a region aligned with a family domain, the hit should reside in an annotated gene if it is part of the gene. Those hits are not considered as new loci and are removed from further analyses. This step is accomplished using a module named finding_putative_new_loci.pm.
Step 4 runs the CTT algorithm which is coded in a module called closing_target_trimming.pm.
In order to gain a genomic region long enough to cover a putative new locus, we added a sequence of 5,000 nts on both sides of the start point of a retaining tBLASTn hit in Step 3.
Based on our previous study on F-box genes, the longest F-box locus in plants is less than 10,000 nts [5] . A DNA sequence of 10,000 nts should be sufficient to contain a new locus in plants. For other organisms, the users can modify finding_putative_new_loci.pm in Step 3 to retrieve a longer region if needed. This 10,000 nt DNA sequence containing an unknown locus is used to BLASTx the Ref_Pep database obtained in Step 2. The best hit is then used as a protein template in GeneWise to predict the structure of a new gene. However, the best homology search algorithm may not let GeneWise to find the locus containing the target hit if there are multiple homologous sequences in this DNA fragment. To expose the target locus, this module applies up to six iterations of GeneWise annotation and trimming to shorten the genomic sequence until a hit-containing locus is discovered (Figure 1 ). The iteration stops if the GeneWise score is lower than 50 or no BLASTx hit is obtained.
To reduce the bias caused by a problematic reference sequence, Step 5 calls the module, annotate_the_best_model.pm, to utilize the protein sequences of the three best BLASTx hits as GeneWise templates to annotate the gene structure of an unknown target locus uncovered in
Step 4. Only if one of the three gene models (peptide-coding gene, pseudogene without GeneWise transcript, or pseudogene containing early stop codons) is consistently predicted by at least two reference sequences would we consider it a good annotation. The transcript predicted with the highest GeneWise score is taken as the final prediction for a peptide-coding gene.
Step 6 retrieves the correct genomic coordinates of a putative new member and Step 7 confirms the presence of a family domain in the new annotated protein sequence (Table 1 ).
Performance Test
We tested both sensitivity and specificity of CTT on gene finding using the F-box gene family as an example in two well annotated plant genomes, Arabidopsis thaliana and rice (Oryza sativa).
First, we used prior_annotation_search.pm to identify the full set of F-box gene members in the previously predicted proteomes of Arabidopsis and rice. To assess the performance, we randomly selected 100 F-box members in each species and removed their annotations in the corresponding proteome. We then ran through CTT to examine 1) how many of these 100 Fbox genes were rediscovered in each genome, and 2) how good their annotations are compared to the previous protein sequences. To increase both the sensitivity and specificity of CTT, we collected the annotation datasets from 18 plant genomes (S1 Table) as we did previously [5] .
We defined that a test F-box locus was identified if the midpoint coordinate of the CTTannotated locus is within the test locus. We found that 75 and 85 test F-box loci were rediscovered by CTT in Arabidopsis and rice genomes, respectively. We also found by CTT that 15 and 20 test F-box loci from Arabidopsis and rice, respectively, were predicted to have no transcript available or express a protein with premature stop codons, indicative of pseudogenes (Table 2 ). This result further confirmed our previous discoveries showing that a significant number of F-box loci are pseudogenized [5, 10] .
To test the specificity of CTT, we compared both sequence identity and integrity of the predicted protein sequences with previous annotations using BLASTp analysis. Between the two genomes compared, CTT seems to perform slightly better in Arabidopsis to predict the full length of a test F-box locus ( Table 2 ).
Size Comparison of the F-box and the BTB Superfamilies in Plants
We then applied CTT to search the members of two gene superfamilies in 18 selected plant genomes. In addition to the F-box gene family, we selected the bric-a-brac/tramtrack/broad complex (BTB) family for comparison. The criteria of selecting these two families are 1) that both encode a substrate receptor in a cullin-RING E3 ubiquitin ligase complex important for regulating a vast number of metabolic and signaling pathways in all eukaryotic organisms [27] , and 2) that both families are largely expanded in plant genomes [5, 28] .
Consistent with our phylogenetic studies on the F-box gene superfamily, we obtained a similar number of F-box genes in all 18 plant genomes (ρ = 0.96, p-value = 6.7e-06, Spearman's correlation test) (Figure 2A , S1-S4 Files). The slight difference in the number of F-box genes found in the two studies may have resulted from 1) the upgrade of genome and F-box seed sequences, and 2) the improvement of CTT in this package. For example, in this package, we incorporated GFF3 files to precisely locate known loci in a prior annotation (Step 3,
Package availability
The full CTT package is available in a repository hosted by GitHub at https://github.com/hualab/ctt. that encodes a target family domain. The coordinates of "x" is defined by a tBLASTn search using the query of seed sequences of the target family. "Hit1, 2,…n" indicate the top hits from a BLASTx search using a 10,000 nt genomic DNA sequence containing "x" as query against protein sequences of previously-annotated family members. The process is iterated for up to six times to shorten the genomic sequence until a new locus containing "x" is discovered. The iteration stops if the GeneWise score is lower than 50 or no BLASTx hit is obtained. Table. 
